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Abstract
Growth of laser initiated damage plays a major role in determining optics lifetime in high power laser systems. Previous 
measurements have established that the lateral diameter grows exponentially. Knowledge of the growth of the site in the 
propagation direction is also important, especially so when considering techniques designed to mitigate damage growth,
where it is required to reach all the subsurface damage. In this work, we present data on both the diameter and the depth 
of a growing exit surface damage sites in fused silica. Measured growth rates with both 351 nm illumination and with 
combined 351 nm and 1054 nm illumination are discussed.
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1. INTRODUCTION
Neodymium glass laser systems, operating at 1.053 mm, commonly utilize frequency conversion to output harmonic 
wavelengths at 527 nm and 351 nm. Laser beam delivery systems downstream of the frequency convertor frequently use
fused silica lenses and/or beam splitters which may have all three wavelengths present on both the input and output 
surfaces. The growth of laser damage on the exit surface of fused silica has been studied at these three wavelengths and 
combinations of these wavelengths.1,2,3,4 For these wavelengths, it has been established that the lateral diameter of laser-
initiated damage located on the exit surface of a fused-silica optic grows exponentially with laser shot number. Changes 
in diameter with increasing shot number are certainly accompanied with changes in the longitudinal structure of the 
damage site. Knowledge of the extent of both the laterally and longitudinally damaged material is of interest to 
mitigation schemes and to potential refinishing of an optic.
The primary objective of this experiment is to measure both the lateral and longitudinal growth of laser-initiated damage 
on the exit surface of fused silica at both 351 nm and combined 351 nm and 1053 nm wavelengths. Early work1
suggested that the longitudinal growth had a linear dependence on shot number. This work will simultaneously measure 
both the lateral and longitudinal growth characteristics of exit surface laser damage.
2. EXPERIMENT
2.1 Laser system and experimental description
Laser damage initiation thresholds are typically measured with small beam laser systems where the beam profile is 
Gaussian and of diameter less than 1-mm. To make measurements of laser damage growth that are relevant to large 
beam areas such as are found on high energy laser systems, it is necessary to use a beam with an area large relative to the 
initial damage size. At LLNL, a unique laser facility can provide a large area, 1053 nm beam, along with a high rep rate. 
The laser is the SLAB laser system5, a Nd:glass zig-zag slab amplifier, using SBS phase conjugation to produce a near 
diffraction limited 1053 nm output. As configured for these experiments SLAB provides a 20 J, 1053 nm output pulse, 
with a 13 nsec FWHM near Gaussian shaped temporal waveform, at a rep rate of 0.3 Hz. The rep rate is limited by the 
data collection rate, as the laser system can be operated at 4 Hz. This beam is frequency converted to provide the 351 nm 
test beam.
The SLAB beam is image relayed at a size of 1.7 cm by 1.7 cm to the frequency converter system to produce 351 nm 
light. The frequency converter is a type I KD*P doubler followed by a type II KD*P tripler. The converted third 
harmonic and the depleted fundamental wavelengths are used in the growth measurements. Though each wavelength 
follows a different path to the beam combiner located before the test chamber, the individual path lengths are controlled 
to keep the arrival times simultaneous within a few nanoseconds. Three important characteristics of the test beams result 
from using this scheme: first, the depleted fundamental spatial profile tends to have better spatial uniformity than the 
unconverted beam, second, the temporal pulse width of the depleted fundamental is longer than the unconverted beam 
third, the relative polarizations of the frequency converted beam and the depleted fundamental are parallel to each other.
Both wavelengths are spatially filtered before they are recombined at the sample chamber. The key components of the 
layout for these experiments with the SLAB laser are shown in figure 1. The sample is located in an image relay plane of 
the laser and the beam size for all wavelengths on the sample in the test chamber is nominally 5 mm x 5 mm. The beams 
are spatially and temporally overlapped at the sample. The laser is incident on the sample at 15º. The fluence of each 
wavelength is independently controlled with a polarizer/wave plate combination.
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Figure 1. Schematic layout for the experiments.
The sample is housed in a stainless steel vacuum chamber, which is located in a class 100 area where samples up to 
150 mm x 150 mm in size are handled during loading. The tests are conducted in air, at 2.5 torr, by introducing dry 
filtered high purity air into the chamber after it is pumped out to vacuum.
Laser beam measurements for both wavelengths on the part include measurements of the temporal pulse shapes, energy,
and incident beam spatial intensity distributions measured with 16-bit scientific-grade CCD cameras. The cameras are 
calibrated both for energy and for magnification and are used to set and record the fluence on the sample for each shot. 
Diagnostics to measure the growth include a white light illuminated, long working distance microscope and CCD camera 
and a scientific grade CCD camera recording the image of the damage site using the transmitted laser beam. In practice, 
the camera viewing the beam transmitted through the sample is used to locate the starting damage and the input cameras 
are used to set the local fluence in a 1-mm patch surrounding the site. The lateral growth of the damage site can be 
measured either from the transmitted camera or from the microscope. For the measurements reported here both the 
lateral and the depth measurements are made off line using a high resolution optical microscope. A typical image of the 
converted beam and temporal waveforms on the sample for the combined 351 nm and 1053 nm tests are shown in figure 
2a and 2b respectively. The calculated statistics for the 351 nm beam shown in figure 2a yield a contrast ratio 
(rms/average) of 18% over the central 60% of the beam area and ~8% in the 1-mm patch surrounding the growing site.
The beam contrast for the depleted beam is somewhat better. Typical temporal waveforms are shown in figure 2b, with 
the average FWHM=11 ns for the 351 nm beam and 18 ns for the 1053 nm beam; also seen in the plot is the relative time 
of arrival of the two beams with the 1053 nm beam arriving approximately 2 ns before the 351 nm beam.
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Figure 2. Typical 351 nm laser beam near field image (a) and temporal profiles for both wavelengths (b).
2.2 Sample description
The samples are fused silica, UV grade Corning 7980 with a SESO super polish. The 2-inch round, 1-cm thick, 
substrates were prepared with a chord edge finished with an inspection polish. This allowed viewing the damage from 
both the side and the surface. Laser damage was initiated off-line on the exit surface at 355 nm with a single shot at a 
fluence level in the 30 to 45 J/cm2 range with a 7.5 nsec FWHM Gaussian pulse. This fluence range produced damage 
sites ranging from a single pit to an array of 2 to 10 pits. The substrate geometry is shown in figure 3. 
Figure 3. Sample geometry.
3. EXPERIMENTAL RESULTS
3.1 Diameter and depth measurements
The goal of this work is to obtain the growth rate of both the lateral size and the depth of damage into the material. A 
growing exit surface site typically consists of a central crater containing melted resolidified material and a network of 
fractured material surrounding the crater. A pair of microscope images, obtained after growing a site to nearly 700 mm, is 
shown in figure 4.  We define the surface area to be the entire surface area damaged including all the regions where 
cracks are visible, as shown in figure 4a. This area is used to calculate an effective diameter after each shot assuming a 
circular shape. For the depth measurements we distinguish two regions as shown in figure 4b. The first is the depth of 
the crater defined to be the distance from the optical surface to the bottom of the crater. We note that this distance is not 
always unambiguous in the side view images, so an additional measurement is obtained using the microscope focusing
stage while viewing through the exit surface. The second region of interest is the depth of the cracks defined as the 
distance from the optical surface to the bottom of the deepest visible crack.
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Figure 4. Micrographs for a growing site showing both surface and side looking views.
For this site shown in figure 4 the effective diameter is 670mm from which two aspect ratios are calculated: one when 
viewing the crater the diameter (d)/depth (h) =5.6 and the other when viewing the crack structure d/h=2.0.
3.2 Sequence of diameter and depth images 
It is instructive to look at an entire sequence of images taken for a site which started at ~100 mm and grew to ~1500 mm 
as is shown in figure 5. All images are displayed on the same scale, and both surface and side images are included for the 
initial site and after each shot. The actual starting multipit morphology is shown in figure 7a. This site was shot at a 
fluence of 8 J/cm2 of 351 nm light plus 4 J/cm2 of 1053 nm light. By the third shot the underlying crack network consists
of a predominant Hertzian cone crack structure along with cracks heading back to the surface.
Figure 5. Growth for 7 sequential shots.
3.3 Diameter & depth growth curves
The diameter and the depth of the cracks for the site shown in figure 5 are plotted on the left hand scale vs. shot number 
in figure 6. Along with the data points a calculated fit to the data sets are shown. We find that, as expected, the diameter 
growth is well fit to an exponential. In addition, we note that the depth of the cracks can also be fit with an exponential
function, though the exponential fit is not as good as that typically obtained for the diameter. The growth certainly is not 
well described as following a linear dependence on shot number. For all 8 sites studied in these tests the same behavior 
was observed. Though not shown on this plot we also find that the depth of the crater is also reasonably well described
with an exponential function. This near-exponential fit to the depth data was found for all sites whether grown with 
351 nm light or 351 nm combined with 1053 nm light.
On the right hand scale of figure 6, the ratios for the diameter to depth for both the crater and the cracks are plotted vs. 
shot number. Both these ratios start out high but within a few shots tend to level out. In our determination of the depth of 
the sites made with an optical microscope we treat the assemblage of individual pits as a single pit which drives the 
initial aspect ratio to the large values plotted. Within a few shots the individual nature of the starting pits is no longer 
discernible. We have developed a technique to obtain both surface and depth SEM images6 of laser damage in fused 
silica. These images show that the starting ratios for a single pit laser damage sites initiated with a single pulse of 
351 nm, 10 ns, light have aspect ratios of about 5 for the crater and about 3 for the cracks. A comparison of optical 
micrographs of a newly initiated site utilized in this study and a SEM image of single damage site are shown in figure 7,
where the optical image in figure 7a is typical for those sites used in these tests and the SEM image in figure 7b is 
typical for sites initiated at 10 ns.
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Figure 6. Change in diameter and depth per shot.
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Figure 7. (a) Optical microscope images of a multipit site and (b) SEM side image of a single pit site.
3.4 Comparison of diameter and depth growth rates.
A comparison of the exponential growth rate coefficients for all of the damage sites tested is shown in figure 8, where 
the crack depth growth coefficient is plotted vs. the lateral diameter growth coefficient. Each data point represents 
growth rate information for a single site grown at a constant fluence. A straight line fit to the data is also plotted on the 
graph. The depth exponential growth rate is seen to be about 50% greater than the diameter exponential growth rate 
independent of whether the fluence is delivered at 351 nm or at a combination of 351 nm and 1053 nm.
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Figure 8. Exit surface growth rate versus crack depth growth rates in fused silica.
4. DISCUSSION AND SUMMARY
The aspect ratios of newly initiated sites as determined by the SEM images indicate that d/h is approximately 3 for the 
crack structure and is approximately 5 for the crater. The aspect ratios measured in this work with the optical microscope
yield larger aspect ratios for the starting site but typically within a few shots they are similar to the SEM ratios. At this 
point, the multi-pit site has coalesced into one site and the resolution of the side images allow for more accurate
measurements of the aspect ratios. As the site continues growing we see the aspect ratio continue to decrease. Some sites 
which grew to diameters over 2 mm have reached aspect ratios nearing 1.
We have found that the lateral growth rate of a damage site at constant fluence on the exit surface of fused silica at 
351 nm is well characterized by an exponential dependence on shot number, whereas the depth growth rate is only 
approximately so characterized, though it is clear that the dependence is stronger than the linear dependence reported 
earlier1.  The growth structure beneath the surface must be taken into account when employing mitigation schemes to 
arrest growth. The measured exponential growth rates for the crack depth are approximately 50% greater than the 
exponential growth rates for the diameter. This result is based on the limited data obtained in the course of these 
measurements. This implies that the aspect ratios should not be leveling off as we have observed. 
The d/h ratios of a growing site tend to be near two. This can be explained if the absorption of laser energy during exit
surface growth results in a near uniform pressure over a region of the surface. Calculated7 iso-stress contours for a 
uniform pressure within a circular region representing the damage site predict ratios as are shown in figure 9.
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Figure 9. Calculated iso-stress contours for uniform pressure.
The d/h ratios correspond to high aspect ratios for weak pressure and for strong pressure approach 2. A unique aspect of 
exit surface growth is that the laser light passes through and is deposited somewhere inside the material. The resulting 
plasma formed is more confined than for input surface growth leading to higher pressure and probable modification of 
the surrounding material. Assuming that the silica fractures and is removed due to high stress, the initial crater formed 
should correspond to a stress iso-contour as shown in figure 9. On further shots, several effects can occur. First, if the 
material beneath the crater has been weakened (e. g. by containing cracks), future shots can remove material at a lower 
stress corresponding to a deeper iso-contour. Further, as the crater is formed, i. e. as the surface becomes curved, the 
simple picture no longer strictly holds. For the growth conditions realized in these experiments the fluence uniformity is 
not maintained as the site increases in size over approximately 1mm; as an example, at the 2mm diameter range the 
central 1-mm region is about 5 to 10% higher in fluence than the outer 1-mm to 2-mm region. In this case, we have both 
that the maximum intensity is at the beam center affecting increase of depth more than lateral size and that light 
impinging on the sides is incident at an angle and less effective than light at the center which is at normal incidence. 
Eventually, the beam could even be reflected at the crater sides if they are steep enough All of these effects lead to an 
increased relative effectiveness per shot of depth increase vs. transverse size increase. Future data and/or continuing 
analysis of the details of growth process may lead to a better understanding of the observed leveling out of the aspect 
ratios which stands in contradiction to an extrapolation of the measured exponential growth rates.
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